Light Emitting Device 
The preset invc.to»«W«»lieh.cnutdngd«ic.sp»1icul.rly^ 

a second electrode. 

AT, of to preset i-^ti- « » P-vid« > "i"** devi<« of «» 
mertioned type wtereia (he rtBcimcy of the ievfct i» taprc«=« ■ 

Aborting ». a« i^pec. of the p««« tavertou a»« p«.vid«i a light c«i^ 
^co.„pn>inB.»b«r..e..^ar«-«t«def«m«do.»idsobs,x^«l.yerof 

lisb, enutthtB ma.en.1 pn.vided over the .ra.«P««« d=c.n,d. »d b«an, t le« one 
c=n«g>ted surSce, »rf . fcrther electrode fotn^d over the light emitdng n^teni 

a preferred arrangeme-l there U provided . light onitting deriee comprising a 
a^^t.h»ving.corruge.ed»£.e..™sp«eptdectrodeibn^on^de^ 
^e.al^exofttgh.»it.ingn«ten-provid.dover.h..«sp™*eleet.ode.nda«^^ 

electrode formed over the light emitting material. 

In another preferred arrangement there is prpvided a light emitting device comprising 
a^ubstrate^atransparent electrode formed over the substrate.acond^^^^ 
fonned over the transparent electrode andhavingaconugated surface opposi^ 
facing the transparont electrode, a light emitting material in contact with aaid corrugated 
surface and a further electrode fomied over the light emitting matenal. 

According toasecondaspect of thepresent invention there isprovidedame^ of 
manufecturingaUghternittingdevicecomprisingthe steps of providinga^^^^^ 
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transparent electrode on s^d substrate, providing a layer of light emitting material over the 
t^pam^t electrode, arranging for the Ught emitting surface to have 
surface, and forming a forther electrode over the light emitting material. 

m a preferred method the step of arranging for the light emitting surfece to have at 
least one corrugated surface includes providing a corrugated surface on the substn^te. 

Another preferred method includes the step of forming a conductive polymer layer 
over the transparent electrode and in this method the step of arranging for the U^t emitting 
surfece to have at least one corrugated surface includes providing a corrugated surface on the 
conductive polymer layer. 

In the present invention, very preferably the Ught emitting material is an organic 

material. 

It has been found that in the conventional devices, the layer of Ught emitting material 
acts as a waveguide and a substantial portion of the generated Ught can be trapped in 
waveguide modes within the active material. Hie higher the refiactive index of the Ught 
emitting material, the larger the picpottion of the generated Ught which is trapped in 
waveguide modes inthe Ught emitting material. This consideration wiU thus be of particular 
significance with the use of organic materials for the Ught emitting layer, especially if 
conjugaledpolymersareusedaatheactivematerial. Hiis is because organic materials, 
especially conjugated polymers, have a high refractive index around the wavelength of the 
Ught emitted from the organic materials. 

It is understood that proposals have been made for the use of comigated surfeccs 
withincertainelectionicallypmi^icdlaserdevices. However, such devices have a 
fundamentaUy different structure and mode of operation compared with the Ught emitting 
devices to which the present invention applies. Moreover, the previous proposals have been 
of a mainly theoretical nature and have postulated devices which would be extremely 
difficult, if not impossible, to ftbricate in practice. 



Embodiments of the present invention wUl now be described by way of further 
exampleoniyandwithTeferencetotheaccomp3nyingdxawings.inwhich:- 
PiglimusUa^samethodoffonningasubstrateforuseinahgW 

Hiicordinfi to the present inventioa; 

Figure2in«stratcsanothermethcdoffonningasubstrateforuseinaUghten.mm^ 

device according to the present invention; 

Figure 3 iUnstrates a still further method of forming a ^bstrate for use m a hght 
emitting device according to the present invention; 

Figure 4 iltastrates yet another method of forming a substrate for use m a hght 
emitting device acconiing to the present invention; 

Figure 5 illustrates a Ught emitting device using a substrate manufactured m 
accordance with the method iUusirated in figure 1; . 

Figure 6 illustrates a Ught emitting device using a sutetrate manufecmred m 
accoidance with the method illustrated in any of figures 2. 3 or 4; 

FigurcTiUust^^esvariousparameters associated with thepitch selection for the a^^^ 

FigureSiUustratesvariousperiodicstnactureswMchc^ibeadoptedini^^^^^ 
the present invention; 

^ ^^ Afnrieexamnle of an embodiment according to 
Figure 9 iUustrates the spectral ou^ut of one example ox ^ 

the present invention; and 

Figure 10 illustrates a preferred structure for achieving low absorption « ihe 

waveguide . , * 

n^e present invention provides light emitting devices in which the active layer has a 

corrugated surface. It is the effect ofthe corrugated active layer which enhances the 
efficiency of light emitting devices according to the present invention. The pitch ofthe 
corrugations, and to a lesser extent thedr an^limde, affects the performance ofthe devxce, as 
willbedescribedbelow. Tl.ere are, however, four areas ofparticular note with respect to 
p^cticableembodimentsofthepresentinvention. ll«.se are: the fabrication process, optical 
loss in the active layer, the pitch ofthe corrugations and the periodic structure ofthe 
corrugations. Each of ftese four areas of particular note is discussed below and then a 
number of specific examples are described. 
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FnhTiCff^"^ Process 
invention. 

to mass production, 

of J^=«ve polymer uy., ^» "^P^^'-/^^ 

cathode is fonned by evaporation of metals. 
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with a conductive polymer film fonned on the electrode, wherein the conductive polymer has 
a coitugated surface. A method of forming such an alternative component is iUustrated in 
figure 2. 

In figure 2. a component 20 is formed by providing a transparent substrate 22 having 
an Indium Tin Oxide QJO) electrode 24 thereon. A solutton 26 of conjugated polymer 
embedded in a transparent polymer matrix is then applied to the upper surface of the HO 
electrode 24, as iUustrated in figure 2a. As indicated in figure 2b, the solution 26 covers an 
area at least as large as the area of a corrugated portion of a stamping mold 28. TTie stamping 
mold is pressed firmly into the solution 26. which has the effect of flattening the solution into 
a layer of uniform thickness. The arrangement is then heated so as to diy and fix the soUd 
content in the solution 26. After the solid content has been fixed, the stamping mold is 
removed to leave the finished component 20 having a corrugated upper surface 30. 

It will be appreciated that whereas a metal (eg nickel) stamping mold can be used with 
the method of figure 1. the use of a metal stamping mold is not appropriate in the method of 
figure 2 wherein evaporation of solvent is required during the drying stage. Thus in the 
method of figure 2 use may be made of a polymer stamping mold which the solvent can 
penetrate. Further, the method of figure 2 may involve the use of vacuum drying. 

An alternative method of forming the component 20 is illustrated in figure 3. The 
method of figure 3 mvolves the formation of two components which are laminated in to one 
component Firstly a conducUve polymer material 32 is appUed by spin coating on to a 
stamping mold 34. As shown in figure 3a, the spin coaled material 32 may have a corrugated 
upper surface which follows the corrugations of the stamping mold 34. A component 
consisting of a transparent substrate 38, an FTO electrode 40 and a layer of conductive 
polymer 42 is separately formed, as illustrated in figure 3b. Hie spm coated stamping mold 
34 is inverted and positioned on top of the other component, so that the polymens 32 and 42 
are in contact with each other. As indicated in figure 3c, pressure (and possibly also heat) is 
applied so as to laminate the two components together. Hie polymers 32 and 42 combine to 
form a single layer 44. Polymers have plastic characteristics especiaUy at temperatures higher 
than the glass transition temperature. Polymers 32 and 42 do not have differences m their 




„da=oBd„c«v.,olym^l=yer44.f<-=d.n.h.IIO«lp.=«=»toe.c.m>6a.=d>wer 

surface 46- 

A stiU further method of fomimg a desired componoat is illustrated in figure 4. This 
xnethod employ, a combination of the polymer solution method of figure 2 and the lamination 
e^ethodof figures. Spedfically.aconductivepolymermaterial 48 is appliedbyspm^^^^^^ 

toastampingmold 50. as indicated in figure 4. Separately.atransparent^^^^^^^ 

an rrOelectn>de 54 thereon is prepared withaconductivepolymersolutionseapphed on th^ 

surfaceofthelTO, as shown in figure4b. Next, as sho^in figure 4C. the spincoated mold 

50 is inverted and pressed into the polymer solution 56. Heating is then appUed so as to cause 
ev^oration of the solvent and form a single layer 58 ftom the polymers 48 and 56. Even if 
tb. polymer used is not plastic enough for the lamination process, this method can form a 
single layer having a corrugated sui^e. As before, removal of the mold leaves a smgle 
oonq>oncnthavi«gatransparentbase.anITO electrode formed therec« and a conductive 
polymer layer, formed on the UO and presenting a corrugated upper surface. 

Figure 5 iUustrates a light emitting device using a substrate manufectured in 
^xdance with the method iUustrated in figure 1 - In figure 5. the transparent substrate is 
denotedby reference lOO. the transparent ITOd«^de is denoted by reference 120,thehght 
emitting polymer is denoted by reference 1 40 and the metal electrode is denoted by reference 
160 Figure 6 illustrates a light emitting device using a substrate manufactured in accordance 
v^th the method illustrated in figure 2. Hie Ught emitting device manufectured in accordance 
^th the method illustrated in figure 3. as weU as that manufactured in accordance with the 
„,ethod of figure 4. is the same as shown in figure 6. Tie common reference numerals used 
in figure 6 and in figure 5 denote the same basic components, although in figure 6 neither the 
^^te nor the ITO are corrugated. In figure 6. it is the conductive polymer layer denoted 
by reference 130 which is corrugated and which imparts a corrugated surface to the active 
layer 140, 



,„«avol«»ei.^Hed.o drivett^di^lay device. W.b=vo.ugewUm in 

to.^e2V« lOV. Apo.idvcvol«8.isW>i=d.<.«.««n<Hi»«»^te'="*''^--"" 
connected to ground. 

The cpcr^ eff«t .f *e con»g.«d suAc wl»a.er to » ™b<*nen. fcrmed 

^b.d.scrib.tS,«ific.l.y.*'b-ctacdo.omecorruga.ed«^«»oou,.e*= 

mod. (ie p«p««ii.uta «, .cSve ..y« and tangh to Uanaparcnt sul^trat.) 
':::UtodZoran^.^.ofto.onu,a.ionscon»..to«=^c.^^ 
re««»ton.od«.wi.ha^«rdep«..iviag.blsh.c.^g.».tod.p.h<,fto 

!I^^Mtf«Uofto»d«,f50nm-to.ia,*niUr.otod.p.h.fto.c«v..ay«. 
Perhaps rfmoie impottarc h«w««, istopoiodoftocormgationa. 

Period 

B„^bcreeogni«=dto.*av.6»d.mod«winb.=u*.iah.da™«lK«^ 
a^ tolanap^mtrrO dcc«»d. »d*a.™veg»id.n,<^n>.yb. «»abhsh«i 
.«,„aivdy™«ntorroiay.r.Ho»«.r,,fto«fi.cdv.tad«oftorrO,asuffic,.n^^^ 
^to»to«4acti«i^<.fto«.tiv.l.^«he.w.v.guid.m.d»cxclus.vdy».ta 

the rrO layer can in practice be ignored 

An actual device structure having many layers could support many waveguide modes. 
Because of the foUowtog reason, however, one needs to take into account only two wave 
guidemodes. One is the waveguidemode supported inthehghtenutting layer, andthe^^^ 
r^eniodeaupportedoverfiomthesubstraietotheHgbtenuttinglayer. the typical refractive 

indices for the layers and the substrate are the foUowing:- light emitting layer 1 .8 - 1 .9; 
conductive polymer layer(or hole transporting layer)1.5-1.6;ITO layer 1,8-2.0;^^^ 

(or photc^lymerisation layer) 1 .55. The light emitting layer, in general, has a h.^ 
refractive index due to the fact that there is an absorption edge near the spectrum of the 
enussion. TTxc conductive polymer layer or hole-transporting layer has a lower tefc«.Uve 
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wbicbhasaratherlow«fiact.veuuJecmthev,sxble 

, .t.- ^ortMuations can be derived in terms of the various 
the present invention. In this respect equations can 

parameteis, as follows. 

. ^ *t, there will be a phase change -wbicb IS dependent 

upontherespectiverefractivemdexiatiobetweentheactiveina 
Ithe^side^ereof. THese phase changes are denote by the references *aand*b. 
^velyfortheupper^dlowersurfaces.Using^toindicatcthedesiredo„tput 

wavelength(inavacunna)..todenotethepropasa.onconstantinavacu»:n.^^d^^^^^^ 
;^Xcot^tintbeac.vernaterial.A.denotethepit..of^cco^^^^^ 

denote an integer, the parameter ^ related by the equations:- 

2nhkcoseni - 2*a - 2*b = 2m7i 



ps^oksinOm 



mode emission:- 

A<t = pA 27CV (v = 1, 2, 3 ....) 

Hence:- 

A = v>^Tisin0in 

w.vel«*h ^ i. a «Mvcly simple fbnctfon of e.. angle e„.. »hid. is i^m,^ by 
4.d=p«.»d«ft-«™ind»of*eac«v.l3y«««i«»m.*l.»bcrof««wav=guid. 

piopagatton which is being coiq>led. 



pi»r^>)<1^ c Structure 

„f>staplcd,»acdon8«**th«ta«.b.™i»fl»«ra.of0»«»»«anplcsofag« 
«a) AM»»«httusn«ybe«»c«»,U«n«lW*«and«b=rp»iodicp-»n«n««^ 
^ O*«fonn,of«b«.».5b.b.»osid«^ao-di^o,>alpenodicsm.««^ 
i„^»4,eoa,«two«amp.«b.a8™«.).F"«bcr.i,i.p«s,bl.»«««b^nu*. 
^cc™dc,«l.»»oorfl>«e^e^o„alpen«dics«owc,-to«ampleb.v«g4. 

Wica.«l to tw^ m - e»»ti.llypb«=Mc b».d gap a™««s. Ihey 
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^ ^ «^pl. of v-hieh is m.,s«»d ta figure 8M. U«Uy d« ,^ of a gra«.S r«»l^ 
fi,rUgb.fficiencywiftou,th.t«aioiooof.™mo»gra*.g. TUsr«ulBta.teoad 

original emission properties of the material. 

n ptinal Lx>SS 

I„ ori« «. obum . strong enu^oa ftom a»«ogmde modo coupM wift . radiaUon 
,„ode,i<is..cc.s»y«.=»rJ™i«opi«U!o»toth.w.«guidc.nodo. mbgMm. 
waveguide Wvd. very long disOnee, eo.np«od » <he Bgh. eml«.d diiecfly .. . nuiiafion 
^ even small A»,Uo. gives rise «> m^on of *e field s«„6th eonltaed ^ ft. 
„dvelay«.res«ldngta.s.n.ll mission ftoma».ve^d.n,ode coupled wiftaradranon 

mode. 

Considering light coming fiom a plane waveguide, which does not have a coirugat^^ 
surfece.andenteringacormgatedwavegdde;somepartoftheUghtisTe&actedinto^^^ 

of-plancandtheotherpartisreflectedwithinthewaveguide. lUe intensities of the electac 

field become e^uentiai:!!. intensity in theplainxegion is the sum oftheind^^^ 

the leflected light. The attenuation curve in the comigated region can be described as 

I = c-yx. where y rep^sents the coupling coefficient of the waveguide mode with the radiation 

„,ade. Ihe absorption in a waveguide is also described in the way namely, I = e-<^. ..here a 

is 80 absorption coefficient. In order to have a strong emission fiom the waveguide mode, the 

co«plingcoefficientysbouldbesmaUerthantheabsotptioncoefficient.prefer^^^ 

afectoroften. 

The intrinsic absorption of active materials such as Ught emitting low molecules and 

Ught emitting conjugated polymers is low enough (eg less than 1000 cm"!) in a transput 
spectnnn range compared to the coupling coefficient Absorptionin the wavegmde mode 



in ncighboning layer. c» b. *so*ed by medium of 4. ndghbown^ lay^. 

acUvc .»,«. *e *s<»p*on in U.. waveguide i. 4e«ndned by d^ n,e«l. Ite crier of the 

Jltoi.,e«io,.brti.U,erb*sno,ided. M el.c«cn ■.3.rforn„™ cUddmg layer 
prrfer^ly placed be««c d.e »=ttve Uye, and fte cato.de. Tbe elec^, Uanrfcnmng 
cWding layer tfrouldbe made of a materia. wUcb has . high d«»>. mobili^r ...d good 
,,>:„dnngorifaLUMO level 10 d» work function of the eaaode. Intennsotthetagh 
ability. . low nK>lecular t^ might be more suitable for this purpose than conjugated 
polymers. 

A prefeiTcd structure for achieving low absoiption in the waveguide is illustrated in 
figure 10. The structuxe comprises a subst^e 200 having a photo-polymerisation layer 210 
thereon. ^ surfece of the photo-polymerisation layer 210 opposite to that in contact with 
the substrate 200 is corrugated and a tran^ai«it electn>de 220 is provided thereon. N«t a 
conductivepolymer layer or ahole transporting layer 230 is provided on the elecm>de 220 
andthenislocatedthelighiemittinglayer240. An electron tnmsporting layer 250 is 
provided ov^ the Hght emitting layer and at the top of the structure is an electrode 260. THe 
coiTUgation of the layer 210 is followedby all of the subsequent layers, includmg the 
electrode 260. In this structure, the thickness of the electron transporting layer should be 
thicker than the penetration depth of evanescent Ught at the interface of the Ught emittmg 
layer and the electron transporting layer. 

Scattering in the active layer also increases optical loss. Scattered light could, 
however, be emitted from the device and thus scattering does not lower the efficiency. 
However, when the scattering is large, it is difficult to obtain the narrow spectrum output 
which should be expected from the device (according to the period of the coixugation pattern). 
Low molecular systems generally have a rough surfece and many scattering pomta. 
Amorphous conjugated polymer is more suitable for the active layer because of rfs low 
scattexixig characteristics. 



12 



Optical loss in the waveguide mode arises from absorption by the active layer and also 
froxnabsoxptionbytheneighbouringlaye:.. Absorption by the neighbouring layers anses 
since reflection at the active layer boundaries is not reflection from a perfect surfece but is m 
practice reflection across an interface dg,th. Further, domain ordering arises m the active 
layer. wWch is analogous to polycrystaline structure. That is. scattering occurs and this also 
causes optical loss in fte waveguide mode. 

Tl,e absorption coefficient, a. of the active material is critical in reducing optical loss 
in the waveguide mode. Low molecular sy^ems typically have absoiption coefficients in the 
range of 500 cm"! to 1000 cm'V 

■me fabrication processes used with low molecular systems give rise to defects in the 
layerandahighdegreeofscatteringresults. In contrast polymer materials can be ^bed 
osing ink-jet technology and low defect, low scattering active layers can thus be deposited. 

The intensity of Ught loss in a material is dependent upon the absorption coefficient, 
a, and distance, x, into the material in the foUowing manner:- 

I = e-<« 

nms, a large absorption coefficient produces a sharp change in absorption with depth 
in to the material, eg within lO^m. A layer thickness of lO^m does not produce a large 
coupling and thus lOmn can be considered to be a lower limit. An absorption coefficient of 
lGOcm-1 results in a corresponding absorption depth of lOOnm. which is good enough to 
produce the desired coupling. Hence the use of a material such as a conjugated polymer is 
nioredesirablethantheuseofalowmolecularsystemfortbeactivelayer. Further, there are 
of course many different polymer materials and some exhibit a polycrystaline type phase 
whereas others exhibtt an amorphous phase. It is preferable to use an amorphous conjugated 
polymer for the active layer of a device according to the present invention. Polyflounne 
derivatives are particularly suitable materials which provide strong emission in a device 
according to the present invention. 
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TTirg t Example 

A first set of working examples was prepared. essentiaUy Mowing the method of 
figu,.! TT^eexanq^lesusedaglasssubstrateandaepoxy-photo-polymeris^^^^ M 
electroformedrrici.dsta:nper.pattemedbyphoto.lithography.was^^ 
corrugated surface. Starnp«s having a one-dimensional periodic structure wathp.1^ ^^ 

300 330 360. 390 and 450mn were used and the depth of the corrugations was set at 50nm. 
^J^asi^strate was .eatedwithaSilyl coupler to ensure sufficient adhesionof^er 

layer An TTO layer was deposited on the resin layer by RF sputtering with Ar and Oj 

sputteringBasat200»C. The thickness ofthelTO layer was 120... ^^-tivelayer fonned 

ofF8BT.polyC9.9.dioctyymuorene.co-2.1>benzothiadi2ole),wasapphe^ 

layerby^in coating. F8BT is an amorphous material presenting low opticalloss. Il.eact.ve 

layer had a thickness of UOnm and an absorption coefficient of less than lOOcm-V A metal 

electrode formed of Ca lOOnm/Al 300mn was provided on the active layer by evaporation 

dqK)sition. 

The UeM ioAtmB <!«»»«• ""^ ^ "« o'™"*^ 
Bnewidth<™*«ofM^<lir«tivi.y«lbi8heffi<,ie«cy. Typl»Uy*cli=.widU,w»20an, 

„l«andth=b«««UBw.ob«d»«lwlth=o™g.timpitctaof330nm««1360m^ 
Ttee pi«h« 3Bis^ .he r«r»««n, for ol>etaing «ra,« ™i»ion a 4:si«d wavdcng*. 
which is in the range of the fluorescence spectrum of F8BT. 

The spectrum output achieved with this example is iUustrated in figure 9. 
f^ft^^ndBxamnle 

A second set of working examples was formed, essentially fbllowing the method of 
figure2. TlieseexamplesusedaglasssubstrateprovidedwithaflatrrO layer. Aconductive 
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polymer layer was foimed using a Dieno, h .he ratios 1-5 -1:100. The 

-'=rrLrrr:;:ri!:r— ^^^^ ^ 

tbevisible range. This l-iiWi ... ♦WoPi^nOTlaver The loss of the waveguide 

distribution confined in the core could exist m this PEDOT layer 
r^reducedbyapplyin.^dil«tedPEDOTwhichhaslowabson,.o. 

u ™«1 ncini a nickel flampn) was u»4 » cOTgaB 4= 
^ of tti, ««ta«i« p.ly»=r Uycr. That the polj^er "'"^ ""T „ 

24iouB.TbeiiioiiUw»theat=m<.v«iaaua» „ , , g-WrtUadtole) w « 

^=l.ycrv«fcm«dofF8BT.poly(9,MocWlfluorcn<«o-W>l»»^" ' 

vl M40m. Th.ab».ptio»crfScic«w..l«s0^100c.a-'. A««a.e.««* 
fcraied»tCal00iiin/A1300limwa»im"''»*<"''»'*""'™^ 

vcor sWar » thca. of ft. te. of «Hdng 
Af,«ae.otn>odi£=d«.mpl"offt=a«ondse.of™r«n8exa|opl«we^^ 

were OMsed toscthw in » vacuum at 200 C rot 5 mmuBa 

p^off. Sio^latnsritsv»,cobt»i«laavrtththcpt.vio„sc«.npl.s. 

Ascend s«.fmoaia.d«.ap.=a of .h..ccond»«of-o,1d.g««,,p.««^ 



Again, similar results were obtained as >vith the previous examples. 
^\tA Eyamplfi 

aiamples pmiaes a "colimiii" oolpW diiecdvily. 

8(c). 11«ft«hs=tofwoddnge>™pl«exhiUt«lhigheffid«»:y."<lteoad=^ 

outputs. 

f iflh Example 

srt of workilg =x«pl« b« to Sua o<« provided gratings of ditftr-U pa«,d* or 

affc«ntdesi|o,onfl»s™.»*»t.»»--n>"»=k«'«'«^»''«^°^ 
^«ch=rim«darc,c=dvc»a,el«^mdtt.e example tosprovid«l»«I«^^^^^ 

!^B.n.Wghdir«Bvi.yof*e»«p..sr.d»o«m=ua=M«ssof«»dovi=«fbra«pUy 
4^c« such « lbo« amva.tion.lty impl=n=«cd withUqwd Oyatal Display p»»te. 
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However, the high directivity of the output renders the devices particularly suitable 
various other applications such a projection display i^aratua. 



